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FIELD OF FLOW ABOUT A JET AND EFFECT OF JETS ON
STABILITY CF .JET-PRCPELLED AIRPLANES
By Herbert S. Rilbner

SUMMARY -

The flow Inclinaticn Induced outslde cold and hot
propulsive Jets by the turbulent spreading has been
derived. Certaln simplifylng assumpticns were employed
and the region neer the oriflce was not treeted. The
effect of Jet temperature on the flow inclination was
found to be small when the thrust coefficlent is used as
the criterion for simlllitude., The deflection of a jet
due to angle of attack has been derived and found to be
epprecliable but small for normal flight conditlons wlth
smell normel acceleratlions. The average Jet-1nduced
downwash over a tell plane lLas been evtalned ln terms of
the geometry of the jet-tall configurutlon. These results
have been arplled to the estimaticn of' the effect of the
Jets on the static longitudinal stability and trim of
Jet-propelled alrplanes.

INTRCTDUCTICN

A jet, as 1t spreads by turbulent mixing, 1s known
to entrain outslide air 1ln the mixing zone. Alr is thus
drawn into the jet and the external flow is caused to
incline toward the Jjet axis. If the Jet passes near the
tall surfaces of Jet-propelled cirplanes, the Jet-induced
flow deviation wlll affect the stability and trim. This
flow deviation and 1ts effects on static longltudinal
stabllity are hereln investigated theoretically for both
cold and hot Jjets.

Ths present investligatlon was well advanced when a
British report by Squlre and Trouncer on the cold jst
(reference 1) became available in this country. The
conslderable rigor of the Brltish analysis was found to
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be impaired by the use of an ideallzed cosline velocity
distribution in the jet, which produces errors as great
as 11 percent. Also, the original version of the present
analysis was found to be oversimplified in one respect,
which resulted 1n comparable errors 1ln the opposlite
directlion. In the present revised treatment, most of

the advantages of simplificatlen are retained, but the
basic analysis of reference 1 is used to establish the
value of a constant. The approximate treatiuent given
herein nermits the representatlen of the jJjet-induced
stream deviation by a single curve. A comparison of the
present analysls for the cold jet with that of Squlre

and Trouncer is glven In appendix A. Reference 1 does
not treat the hot jet.

The first part of the present paper Is concerned.
with the analyslis of the flow inclinaticn induced nutside
cold and hot jets and the jet deflectiorn due to angle of
attack. The last part 1s concerned with: applicaticns to
the computation »of tine elffects of the jet on longltudinal
stability end trim. The computatienal procedure 1is out-
lined in detaill in the numarical example (tables I to III)
so that little reference to tre text is necessary.

SYKBOLS

(For disgramretic representation of some of the symbals
referring to jets, see fig. 1l.)

r thrust

T ebsolute stream tempersturea, degrees

o} stream density

c ratio of local jet denslty to stream density

Vv stream veloclity

u increment of jet veloclty cver stream veloclity at

noint (x,r)

i) Increment cf Jet veloclty over stream velecity at
point x on jet axis
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B R 1ncremept of Jjet temperature over stream tempera—
ture at polnt (x,r), degrees -
tm increment of Jet temperature over stream tempera-
ture at polnt x on Jet axis
T jeot-temperature coeffliclent (Eééb
X axlal distance from peoint at which Jet, 1n accord-.

ance with law of spreading that holds at sub-
stantlal distances from oriifice, would have
zero croas sectlon

r radlal distance from jet axis
R radius of jet boundary at sectisn x

mwv?1,? /21, w1, % /1,
i F ST

2 2
. v Ser, 2 /1
S =x ==X
ST,

Te! thrust coefi'lclent (l Fzs
5PV
S wing area

I, I, conatants of velocity vrofils; defined 1n text

Iy', I3", Io', and so forth functions of T and U/V;
defined 1n text

k jet-spreading parameter (taken as 0.240)
f Jet-spreading parameter (taken as 3.3)
constant (taken as 0.71)

<

stream functlon
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jet=induced Inclinatlon of flow toward Jet axis;
with subsecript w, wing downwash averaged
between Jeot orifice and horizontal tall

mean Jet-induced downwash ansls over horizontal tail

local incliilnation of jet axis to general flow

angle of attack of thrust axis

angle of attack of thrust axis relative to average
flow between jet and tail (i - €y

earea of Jet orifiice
span of horizontal tall

lateral distance of Jet axis from center of horil-
zontal tall

distance of thrust axis below center of gravity

airplane pltching-moment coefficlent

Fitching moment
%pVZSc

wing chord

distance of nacelle inlet ahead of center of
gravity; measured parallel to thrust axis

alrplane 1ift coefficient <1Li;2t >; powsr cn
unless subscripted 2° S

incidence of horlzental tall, degrees

elevator angle, degrees; positive downward

elevator hinge-moment coefflcient

Hinge moment
1072 x Elevat 1 2
. 5P x Elevator span x (Elevator chord)
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dCh

She = gg

-da--- - . . e .

dCy,
d6,

Ny, distance of neutral point behind leading-edge mean
aerodynamic chord as fractlon ¢f mean aero-
dynamic chord

An, shift of neutral point due to power; positive in
Torward direction

Subscripts:

J measured at jet orifice

T due to thrust force

€ due to Jet-induced flow inclination
1l due to sinzle Jet

2 dug cc twe Jets

nac due to nacelle normal forca

0 measured at zero thrust; deflined as power-off
condltlion

fixed s8stick fixed

free stick free

ASSUMPTIONS

The basic assumptions for the cold jet are the same
as those for Prandtl's approximate treatment of the
spread of turbulence (reference 2, pp. 163-165). The
flow studled 1s inconmpresslble but the results are.con-
sidered closely applicable to all subsonlc Jets and
approximately applicable to supersoanic Jets. The
starting point for the present paper is a corollary of
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the assumptions of rasference 2, derived in appendix B in
the form of an approximate differential equation for the
spreading of a Jet in a moving fluld. In reference 1

the spreading of the jet is obtaired in & rigorouws manuer
from first principles. It is slown in &apyendix B that
by a suitable choice of a constant [ the values of tlie
two expressions can be made to arree very clcsely. 'Mie
constant has been so cliosen 1in the present analysis.

On tlhie basis of experimental data (references 3
and l;) for a jet in st1ll air, exclusive of the orifice
roagion, the velocity mrofile is asszumned to nave the sane
shene at all sectiions of the jet. Tnus no special con-
sideration is givon the recgion - approximately 8 crifice
diameters in leungth -~ in which transitlon cccurs Irom the
uniform valocity at the Jet orifice to the characteriatic
profile of the fully devsloped turbulent jet. Ti.e fore-
going assumption 1s suiteble for deterniining the downvash
induced at the horilzontal teil by wing-mountied jet notors;
it is not suitsable Tor devermining tiie flow conditions -
ncar the jet orifice. The erxperimental veloclty profile
of reference % 1s used.

Velocity components parallsl to the jet axis laduced
by the Jet in the external flow are omitted in the
analysis. This omission effects a conslderablo simpli-
fication in that 1t vermits recresentation of the lield
‘of flow outsicde the jst by & single curve 1n a grarh.

As is pointed out in reference 1, neglecct of ti:e induced
axial flow implles that "... the radial flow at each
section of the jet [is] independent of the Tlow in otlher
sections: this is &p»wroximately true very close to the
boundary of the mixinz regilon but is guite invalid at
large distances from the jot axis., Thoe actual flow out-
s.de the Jet can be resurded as ciosely equivalent to
that produced by a syste:m of sinlks aiong the Jet axis,
of strength surflcient to secure the proper ini'low at
tl:e edme of the jet...." The resuits computed with this
approximation are therefore restricted in applicability
to the general vicinity of tie jet. The reczicon is mere
preclsely defined subsequently in the present paper.

For the hot jet the assumption of incommressibility
is abandoned for 1low inside the ject but is retained for
flow outside tie jot. The perfect-gzas law 1s applied,
with the temperatuire elevation at any point in the Jjet
assumed to be proportional to tine difference between the
local jet velocity and the strean velocity. Such a

Unaain
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temperature distributlion is known to follow from the

"monmentum~transfer theory.when the temperature dlfferences

are so small that density changes and heat transfer by
radiation may be neglected. This nrinciple will be
applied herein without restriction to small temperature
differences and without regard for the divergence from
experiment. (See fig. 2:) 'Because of these simplifying
agssumptions the analysis of the hot jet can hardly be
valld quantltatively. The analysis should be valild
qualitatively to the extent of establishing whether the
effect of temperature on the jet-induced flow inclina-
tion is large or small.

. ANALYSIS
Cold Jet Parallsl tc Strean

Velocity in jet.- If all the fluid of the jet is
taken locally from the stream, momentum considerations
show that the thrust equals the mass flow per second
through any elemnient multiplied by the excess of the
Jet velocity over the stream velocity at the element
integrated over the cross section of the jet; that is
(see fig. 1(a) for notation),

R
F=p k[ (V + u)u 2mr dr
O -
= 2mPpu(VI; + UIp)
or

2 1

020 __F_ 0 (1)

(I‘;) I v 211pV212R2

where
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-’\l 2
I, = (2) r dr
2 0 U/ R R

If any of the fluld of the Jet 1s not taken from the
stream, the thrust F 1n equation (1) must be replaced
by (F - Flight veloclity x Added mass per second). The
added mass per seccnd contrlibuted by the fuel is negll-
gible for alr-breathing jet rnotors. For rockets the
added mass per second egueals the thrust divided by the
Jet-nozzle veloclty. Aspirator-type Jets 1lle between
the two categorles.

Equation (1) may be solved for the ratio of the
peak Jet additlonal veloclty U to the stream veloclty V

1n the form
. I = ! .
% = E_L.<ﬁh + 2 . 1) (2)

vwhere

2
B\/mov‘?I; /212_

/"112/ Iz

=R }
ST, !

and 1s a nondimenslenal parameter.

Spreading of jet.- By extensinn of Prandtl's
qualitative reasoning (see reference 2, pp. 163-165) it
ls shown in appendix B that

k (

+ _i‘
1 fU

5
i
7

where k and f ere censtants that are determined in
appendlixes A and B, respectively. By use of equation (2),°
equation (B2) may be written
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Rl&

_ k
- .;.(21'12 2 W vﬁz—:—l)

I
When the new variable

2 = .x\/ﬂpVZIlE/ZIZ

F

V2

ST, !

i1s iIntroduced

dn . dR _
dx

k
ag
2+ (2)eR 0 vF )

and upon 1integratlion .

n +(23f112>|:”5 v (2 2)?2 1] = xS ()
- 1l

Equation (l}) provides the law of spreading for the
jet since R~1n &and x ~ &; the thrust F 1s con-
tained in both nn and &¢. Near the origin, where the
Jet additlenal velocity U 1s large in comparisen with

“the stream veloclty V, m 1s small 1ln cemparison with
unity and equaticn (L) 1s approximately

n=k

(3)

or

B
g
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Thus, near the origin of the Jet, the spreading is
approximately line&ar with the axial distance x. Far
from the origin, where the jet additionel velocity is
srmell in comparison witk the strsam veloeclty, = 1s
large in comperison with unity and equation (L) is
approximstely

2fT -
__....2_ 2.”9 -
314

§
ot
6

2

R)

Concstant x x

That is, far from the origin ths jet anrreads as the one-
third power of the axlal distance =x. Scue further com-
monts on the spreading of a jet are made In appendix B.

For the velocity profile (fig. 2), experimentally
found for a jet in a svill fluid, I, = 0.0991 end
I, = 0.0k695. For greater generality ik will be left
undeterriined for the present. With these values of I3
and In, equation (L) has been used to prepsore figure 3,
wi.ich shows the v«riation of R/. Te! with lcx/,/é'l‘c'.
Equation (L) hes 2lso been used with equaitlon (2 to
provide thae variation of U/V with lc:/,/ch' sizovn in
figure l..

The vpoiut origin of the idealized jet of tihe present
treatment, viiilca is tihe ori;sin of the coordinate x, is
loceted & distance x:; upstre&:s cof tae orifice of the
actual jet. (See fig. 1.,) 9Yte value of x; varies
with T.' but an aversge value is 2.5 crifice diameters,
llore preciso values can be obtained from fizure 3 witis, R
interpreted as tihe orifice radius Rj.

Plow inclination.- The cciadition of continuity may
be expressed by forming the stroam function

—1
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r
W =‘J‘ (u + V)r ar
0
Outside the jet this expression 1s &approximately
2
Vr
¥ = URZIl + 5 (5)

if the smeall values of u induced by the jet 1In the
external flaw are ignored. The angle at which the
external flow inclines toward the Jet axis 1s then, for
small angles,

_ I 2dr |, u/v , &(U/v)
B ?}Ji Ef[% R T Tar :] (6)

The use of 71 and & in place of end x,
respectively, (with ratios of the fqrm x/& permitted,
hewever) serves te elimlnate the thrust as a separate
paremeter. Vhen this change is made in equation (6)

| zgg[ZU/V . d(U/V):l

rg n an’

if =x/& 1s written for its equal R/m. Then by the use
of equations (2) to (l}) there results finally

e <X X (A7 - o)
212 rgE--l-(EfIz 1.._\/,,?4-_1+15]m

I

(7)

In radians, where 171 1s related to the independent
varisble & by equatien (4). 4an asymptoyéc approxima-
tion, accurate to within 1 percent for n 0.18, 1is
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kI;2 x 1 -2

21, 1L T
2 1+ (%f—gi)n
I

If 7 1is expressed in terms of §"2, the flow-
inclinstion relation (7) is of the form

LY

(Ta)

ST, !

xZ

€ = Constant x % x Function of

Within the limits of application of equation (7) the
flow Inclination cutside the Jet thus is inversely pro-
portional to the radial distance r from the jet axis.
Equation (7) can be conveni?ntly represented by the

variation of i—e with ST; . The values of the con~
b <
stants k, f, Il’ and JI» therein are determined in

appendixes A and B as 0.2}0, 3.3, 0.0991,.and 0.04895,
respectively, for the velecity profile of figure 2. " For

these values the variation of Ie¢ with §2§— is given
X

X

in figure 5. This single curve provides all the neces-
sary information on the flow inclination. A typical
flow pattern is shown in figare 6.

~,

Thas flow-inclination relation (7) and figure 5,
which is computed from it, are limited in appllcation
to polnts reasorably nesr the Jet but well away from the
orifice. fThe filrst limitation results from the neglect
In the computatlion of the stream functlon of wvalues of
exial veloclty induced by the jet in ths external flow.
The second limitation results from the neglect of the .
transitiosn region between the orifice of the jet and the
region of similar velocity profiles. The charts of
reference 1, in which these omissions were not made, show-
that the %dvariation of equation (7) holds, in general,
to 5 percent within twice the jet radius at distances
greater than 8 orifice diemeters dovnstream of the orifice.
This accuracy should be sufficient for the usual relative
positions of the jet end the horizontal tall fer wing-
mounted jet motors.
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wa+.. The foregolng remarks may be interpreted from another
polnt of view. The dlameter of the jet orifice does- not
appear 1n the equatlons of the flow analysis, but it has
been ascertained that these equations are applicable, in
general, for dlstances greater than 8 orifice diameters
downatream of the orifice. The downwash induced at the
horizontal tall by wing jets at.a glven thrust may there-
fore be concluded to be almost independent of the size
of the Jet orifice up tc a dlameter asbout one-eighth the
distance to the horlzontal tail.

For very high ratlos of the Jjet velocity to the
stream veloclty (% > 50), ‘ny 1s very small, and equa-

tions (7) end (72) become approximately

n

2
tan ¢ = ELI1S x _ VBTG Iy (7b)
I, r& T éwiz

where the assumptlon that € is small 1s dropped. Such
cenditions may occur with rocksts at take-soff and at low
speeds. For rockets the mass flew from the nozzle 1s
not taken from the stream and, as hLas been stated, the
coefricient T,.' must be multiplied by one minus the
ratio ef the stream velocity to the Jet exit velocilty
for use iIn the formulas. Rocket jets are ordinarily
supersonic near the nozzle and the equatisns are not
strictly applicable.

Hot Jet Parallel to Stream

Velocity 1n Jet.- The local alr density in the hot
Jet wlll be some varlable fraction ¢ of the density in
the free stream. For the present purpose the temperature
elevation at any point in the Jet wilill be assumed to Dbe
- proportional to the difference between the local jet
velocity and the streeam veloclty (see section of present
paeper entitled “Assumptlons"); that is,

Tu
\4

H|ct
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where T 13 a constant. (See fig. 1(b) for notation,)
By the perfect-gas law then o :

g =

= L (3)

With tne incerpesration of the density factor G,
the equaticns for the celd jet will .be modifled to apply
to thoe neated jet. The momentum equ&tion will takxe the

form

(II\Z + al

U F
- - D
v/ 'V (3)

where

Comparisen of Iy' and Io! with the correspunding
quantities for the celd Jjet, I; and I, (equatlon (1)),
suggests the follawing approximaticns:
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: L'.h )
Ir Ip
Yo > (10)
IS =
2 1‘-12 -0
1l 4+ —= KT V
Il J

where K 18 a constant te be determlned by substituting
values computed by the exact equatlans in the second of
equations (10). An sverage value over the range of

greatest interest, O é T%g 1.2, 1s Kk = 0.31 for the

experimental velscity profile of figure 2. Equation (9)
can now be expressed in the scluble form

NS I v, 1° 2
(_ + _L(l - u-rﬂ-z)- + L _ngc=0

from which

U - I1/215 (11)
v

e - KT +\/(1-,2 - n-r)z +

where 1 1s the functlon of R and T,' defined under
equation (2).

The Jet-temperature coefficient T may be determined
from the follewlng conslderatlons 1f the temperature at
the Jet erifice 1s known. XEquation (9) as applied to
conditinns at the jet orifice (designated by subscript J),
across which the velocity will be assumed uniform, takes
the ferm

ORI S
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whence

-1 +\/; + 2(% + El) Te'S

S
v

By application of 1ts deflnitien at the orifice, thLe
temperature coefficient l1s

ts/T
T = '_il._ (12)
lJ{/v

Spreading of Jjet.- It 1s shown 1n appendix B that

an _ ar

& ax

= -2 (82)
1+

Sutstitution of equation (11) in equation (B2) zives

21T ' 3
[} + -E¢§.<n2 - KT + V%h + (1 - 2KT)H® + Ksz;ﬂ g% =k
1 =

The omission of nh in the radical conside~ably simpli-

fies the integration and ylelds littls srror for n2 << 1.
Wlth this omission the integrsl is

2r1, | . O -
n+ —=2 "-"2_ LT +%1(m/;)2+a2 +82 ginh™t ﬂ\ = k& (13)
I, |3 a a/
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where
F— . — Seeet e L R -
8 5
V& - 2KT

Bquation (13) provides the approximate law of
spreading for the hot Jet, since R ~n and x ~ &.

The variation of R/\ﬁ_Tc' with kx/,/ch' for a typlcal

hot jet (T = 0.15) 1s shown with the curve for the
cold jet (T = 0) 4in figure 3. The variation of TU/V

wlith lnt/.,/ch' for T = 0.15, eobtalned by use of equa-

tion {(13) with equation (11l), is given in figure 4 along
with the curve for the cold jet (T = 0).

Flow inclination.- The stream functlion for the hot

Jet 18
r
¥ =‘jﬂ G(u + V)r dr
0 .

outside the jet the expression is approximately

oo ) 2]

where

1 L&
R R
z-f (1)
0
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i1f the small values of u 1Induced by the Jet 1n the
external flow are ignored. The jet-induced stream
deviation is then, for smell angles,

¢ = L OV
Vr &x
_lp2 ar|, (U/v)Ijlf - Izt oy dn'  dlzt I AWV)
r R Vv dr dR 1 @R

The introductiorn of n§ &and & in place of R
and x, respectively, (with ratios of the form x/&
permitted, however) eliminates the thrust as a sepsarate
" parameter., Yith this change

P(U/V)I P ai,!' dIx! a(u/v)
=X _2dn 1 2,91 3 —_
TrEnag)f n vV an  &n 11 Tan ] (15)

where x/§ has been substituted i'or its equal R/n.

According to the original assumption that the shape
of the velocity profile is the same for &ll sectiomns,
the ratio u/U depends enly on r/R and 1s independent
of R or . Therefore

l uradr )
aI ' g f URR _ _;a &0/
e e p— S ———————————— . - 1 ——————
én dr, + 20 dan
o 1 TU v
> (16)
r dr
diz' 4 f1 _ IR o S(U/V)
an  dn\2 L +.20 5 dn
0 UV
-
where
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I,

It —

I;" =

T |
0 (1”5%
Also, by differentiatlon of equation (11),

awm _ 1 |, 2er( - k) - of

n 2I2'n3 VK#Z - KT)E + 1

The incorporetion of equations (16) in equation (15)
then yields the following flnal expnresslon for the angle
at which the flow 1nclines towsrd the axis of the hot
Jet:

2

(17)

_x 2dn|,U0/WVE' - I3 0o\ U
T dg[z - (Fntentn) SR e

in radlans. All of the variables in the equation except
X &and r are ultimately functions of n and T alone;
the I's and dn/df are gilven in terms of U/V and T
in equations (9), (1), (12), and (B2), and TU/V,
a(u/v)/dn, eand & are given in terms of 7, and T 1in
equations (11), (17), and (1%), respectively.

If 1 1s expressed in terms of §'2 and T by
meens of equation (13), the flow-inclination relation (18)
1s of the form
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r 2

) ' v
€ = Constant x &= x Function of (STc 3 'r>
X

As is the case for the cold Jet, the flow inclination
outside the jet 1is thus inversely proportional to the
radial distence 1r. The effect of the jet temperature
is determined by the Jet-temperature coelflcient T.

Equation (16) for the flow deviation about the hot
Jet has been evaluated for the single value T = 0.15.
ST, !
The curve of %-e against ;
x
where € 1is measured in degrees, along with the curve
for the cold jet (T = Q).

1s shewn in figure 5,

Similitude of Hot end Cold Jets with
Applicatlions to Wind-Tunnel Tests

A typilcel value of the temperature coefficlent in
a propulsive jet 1s T = 0.15 at meximum flight To'e

From the curves of flgure 5, therefore, the effect of
temperature on the Jet-induced flow inclination can be
seen to be small, provided the comparison 1s made at the
same thrust coefficlent T,'. The thrust coefficient 1s

thus a sultable criterion for the similitude of the flow
flelds ebout hot end cold Jets of the type for which all
the flow from the exit 1s supplied from the inlet. (For
a constant throttle setting the coefficient T 1ncreases
as T,' decreases, but this varlation does not invall-
date %he conclusion.) :

Because of the reduced density the hot Jet from a
typlical thermal jot motor will have of the order of
twlce the exit velocity of a cold jet that develops the
same thrust from the same size orifice, 1f -all the flow
from the exit is supplied from the inlet. The mass flow
of the hot Jet, however, will be of the order of one-
half that of the cold Jet. For model testing with a
cold Jet the mass flow Into the nacelle inlet that would
occur with a hot Jet should be simulated iIn order to
simulate the proper flow about the nacelle. The mass
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flow in the cold jet can be made equal to that in the hot
jet by reducing the orifice of -the cold jet to.such a
size theat the product of air density and orifice arsea is
the seme for both jets. In wind-tunnel tests at the

Ames Asronautical Laboratory of the NACA (unpubilshed)
the scale-size orifice of the cold-jat model was restricted
to an anmulus by means of a faired plug.

If some of the fiuid of the cold jet 1s supplied
from a source other than the inlet of the nacelle, as in
the case of an asplirator jet, the mass flow 1lnto the
inlet is less then the mass flow from the exit, and the
foregoing reletions do not epply. In this case simula-
tion of the proper mass flow into the lnlet is possible
wlthout reduction of the size of the exit from the scale
valus., With an aspirator jet, however, the jet-induced
flow inclination at a given thrust will be too small for
the reasons explained in the analysis of the cold jet.
(See section entitled ""Cold Jet Parallel to Stream.")

Effoct of Inclinetion of Jet Axis

General remarks.- The effect of inclination of the
Jet axis to the general flow rmst be considered in
estimations of the jet-induced downwash at the tail
rlane. If the jet behaved like & rigid body the incli-
nation would give rise to an interference similar to
that between the fuselage :ind the horizontel tail.
Vertically sbove the jet there would be a slight down-
wash, and on either side, a slight upwash. Averaged
across the tail, the net effsct would be negligible.

The Jet actually approximates a rigid body 1ln that
it tends to malntain its shape and direction in spite of
any inclination to,the main flow., There ls an appre-
clable progressive deviation, however, from the inltlal
directlion toward the stream direction that can be obtained
from momentum considerations. This deflection alters
the distance between the Jet and the horizontal tail,
and therefore the Jet-induced downwash.,

Determlination of jet deflectlon.- Let 8 ©be- the
local inclinatlion of the Jet aiis to the general flow,
and let ag Dbe ths inclination of the thrust axls. On
the basls of momentum considerations, the followlng
epproximate relation for the fractional angular deviation
of the Jet 1s derived 1n appendix C:
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2+(11+6h Ei\
1l -« — = (05)

Qe T 2
2 + {21, + 5.;-;-3)11, + To(2
( 1 Il Y 2<\U]'>

. 8 :
The varistion of 1 - =~ with kx/ST.7, for the cold

Jet (T = O) and the hot jet (1 = 0.15) 1is given in
figure 7. The effect of Jet temperature is seen to be
negligible.

The change due to Jet deflection in the radlal
distance r from the jet axia to thre horlzontal tall
is guven by

= . % 8
Ar = - 57.3(K - ZJ)( - -a';- - (19)

where x - xj 1s the dlstance from the orlflice to the

horizontal tail and l - éL is the average valuve of

€/av .
1l - fL betw2en the Jet orifice and the hinge llne of
e
thas horizontal tell mlinus the value at the Jet orifice.
In this appnlication the general flow 1n the reglion of
the Jet 1s affected by the wing downwash so thé&ét, 1in
straight fliszht,

In degrees, wkere a 1ls the incllnatlon of the tarust
axis to the free stream, and €, 1s the downwash due to

the wing averaged over the length x - x4. In eccel-
v

erated flignt the curvature of the flight pati: contributes
an additional Increrent to ag.

The jet deflection Ar 1is evaluated in teble III
of the numerical example, along wlth various other
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quantitles, and 1s shown to be no more than 15 percent
of r. On the basls of these ‘computations -the Jet .
deflection appears to be small fer straeight flight and
for flight with small normal accelerations. On the
other hand, the average anguler deviation of the Jet 1s
an appreclable fraction of the angle of attack. The

fractional angular deviation (1 - é%) is 0.2l or

greater for the several condlitlions of the numerical
example. (See tables I to III.)

EFFECT OF JETS ON LONGITUDINAL STABILITY AND TRIM

Average Downwash over Tail Plane

Consider a general point <y &long the span of the
horizontal tall, with y = 0 directly above the Jet.
(See fig. 8.) ULet the angle subtended at the center of
the jet by the length y be 0. The jet-induced flow
inclination has been shown to be lnversely proportional
to the radlal dlstance from the jet axis; therefore, 1f
the inclination at y =0 18 €, the inclination at vy
is € cos 8, The downwash at y 1s_the component of
thls normal to the tall plane ¢ cos26. The unwelghted
mean downwash angle over the taill plane is therefore

b
d+_E
e 2
[ b € cos“0 4y

£
e Qo —

n|
i

b
t

+
d 2

dy

€r de
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or.
b
-4 + %? : L a + 3;
€ r -1 -
= —\ tan —_— + tan — 20
T 5 = - (20)

Lifting-l1ine theory suggsests that an average
weighted according to the chord would provide the most
accurate values of tall 1lift. 4n unweighted average
over, say, 0.9 of the tall spen would appear to approxi-
mate tkls condition. The curves of figure 8, &accordingly,
have beer prepared from equation (20) with 0.9b;y sub-
stituted for by. The curves give the variation of
t/e with r/by ard 2d/by where € 18 now the effec-
tive mean Jet-1lnduced downwash across the tall plane,
€ 1s the flew Inclination at a radius r from the jet,
and r/bty and 2d/by locate the jet axis relative to
the tail plane, a&s shewn in figure 3. The curves &apply
to a single jet, and the downwash is additlve for several
Jets.

Pitching-¥oment Increments Due to Jet Cperation

General considerations.- At a gilven angle of sttack,
operation of the Jet motors willl, 1n general, change both
the pitching moment and the 1ift coefficlent. Confusion
will be avoided 1f the changes in pitching mement and
1ift coefficient are initlally obtainsd as functions »f
the power-off (zero thrust) llft coefficlent CLO, which

l1s a known function of angle of attacl. The several
pltching-moment increments due to jet cperation are dis-
cussed 1n the followlrig paragraphs. REach lncrement is .,
to be regurded as & function of CLO. The increments are

glven for u =single jet and are to be multipiled by the
. nunbar of jets.

Pitching moment centributed by direct thrust.- If
the thrust exis of the jet passes a distance 2z below
the center of zravity the thrust will contribute an
Incremental pltchilng moment, which is in ceefflclent
form,
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The thrust ocgefficlent T,' ordinarily will be known as
a function of the power-on 1lift coefficlent Cp. 1In
order to obtain T,' as a function of the power-off
11ft coefflclent CLO, use can be made of the known

relation between CLO and a tpgethef with the relation

where C; and CLO are measured at the seame angle of

attack a and o 1s taken in radian measure. A "cut-
end-try" procedure map be used and a curve of Cr

against Cp, can be obtained at the same time.

Pitching moment contributed by jet-induced downwash.-
It has been shown that a Jet induces outslde itsell an
axlially symmetric flow fleld. The inciination € (meas-
ured in degrees) relative to the thrust axis at the
point (x,r) (see figs. 1 and 8) for a given thrust
coefficlent T,', can be determined from figure 5. A
small deflection Ar experlenced by the Jet when inclined
to the general stream can be determined from equation (19)
and figure 7 and used to correct r &and then €. The
ratio of the value of average downwash over the horizontal
tall € to the value of € is given in figure 8 as a
function of the geometry of the Jet-tall configuration.

The pitclring-moment coefficlent contributed per jet
by the jet-induced downwash is then, for the stick flxed,

dc
Meryxed ai, 1

) o
If the stick 1s free and if the jet unit ls mounted
under the wilng so that the horizontal tail is well away
from the orifice, expression (21) becomes
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dC.  d4C_ Cn
ACy, = - B g T (22)
€free dly ddg Cpy

If the orifice is ne&ar the horizontal tell, as when
the Jjet issues from the rear end of the fuselage, the
horizontal tall will be in a region of curved flow. If
the value of Ch6 is negative, the elevator will tend

to float downward to conform tn the curvature. This
downfloating tendency will &dd & stabilizing or negative
amount to the value of the stick-frese pltching-moment
increment given by equation (22). The changeg could be
substantial for a closely balanced elevator (Crg near

zero/; the magnitude of the changs will devend on the
type of balance. In addition, thne hinge-moment charac-
terlistics might be modified by an effect of the jet on
the boundary layer of the elevator.

The charts of the present peder (figs. 3, L, 5,
and 7) are not valid within a distance of azproximately
8 orifice diameters downstream of ths orifice, and ref-
erencé 1 should be consulted for tle fliow In this regilon.
Equation (21) for the stick-fixed pitching-moment incre-
ment'will be spproximately valid provided ¢ 1s evalu-
Aated at the three-cuarter-chord line of the herizontal
teil.

Pitching moment contributed by nacelle normal force.-
The air taken in at the nacelle inlet ls turned througn
an sngle (the angle of attack of the thrust axis) 1in
becoming alined with the Jjet axzis. This turning of the
air gives rise to & centrifugal force acting upward at
the inlet. The force, which is negligible compared with
the wing 1ift, equals the mass flow per second through
the nacelle multiplied by the stream veloclty and tke
sine of ths local angle of attack. Tne contribution to
the alrplens pltching-moment ccefiicient is

_ (Mass/séc) 1 sin (a - ¢) o
ACmrge = Lovse (2)
2 )
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where 1. 1s the lever arm friom the inlet of the nacelle
to the center of gravity of the cirplane and -e¢/ 1is. the
upwash Induced by the-wlng-at- the nacelle inlet. The
upwash =-€ can be estimated from figure 5 of reference 5.
This upwash is large only when - 1/c in equation (23) is
small, and its neglect therefore introduces small error
iIn the moment.

Pltching moment contributed by boundary-layer
removel .~ The suction and other effects of the Jet may
tend to remove some of the boundary layer on edjJacent
surfaces. The pressure distribution would be somewheat
altered. In some instances flow separation may be inhilb-
ited, which wasuld result 1n rather large changes in
presgsure distributlon. 1In case flew separation on the
wing is suppressed, an increased downwash wlll occur at
the tuil with a consequent positive pitchlng-moment
increment. The determinatlion of the moment changes due
to these several effects must bs left to exreriment.

#Any change in the fuselage pirtching moment due to
boundary-layer removel with terl on may possibly be dif-
ferent from such a change with tail ol because of the.
Interference between the horizcntel tail and the fuse-
lage. For thls reason the cumpurison of tests of models
with tail on and with tall off may nct rnecessarily yleld
the part of the power-on pitchin: -moment change thet can
be attributed to the jet-indueced downwaszrn.

Neutral-Point 3hifts Due to Fower

The power-on curves of Cp against C; for various
elevator settings should be parallel like the power-off

curves., The shift. in neutral point dus to power 1s
therefore

dCp
An dC EE—
L ower on L

in units of the wing chord. The derivatives are evalu-
ated at eny convenient elevator setting for the stick-
fixed condltion and at any convenient elevator tab
setting for the stick-free condition.

Povier off
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From the earlier digoussien it follows that expres-
siens ef the form

Anp:--—-——

or

.,L

An

are not quite correct, where AC, 1is tke sum of the

several lIncremental moment coefficlents of the preceding
paragraphs mrultiplied by the number of jet units, CLO

is the power-off 1lift coefficient, and Cr, 1s the
power-on 1lift coeffilclent. Since Cr, - CLO ls small,

howevar, either of the two equations is a good first
approximation. The exact neutral-point shift is slightly
dependent on the position of the power-off neutral point.

Numerical Zxample and Discussisen

Specifications for & hypotketical sirplane propelled
by twin wing-ricunted jet mctors &re given in table I.
Detailed computatlons of the effect of the Jets on
longitudinal stabillty and trim are given 1ln tables IT
and III. Any moment resulting ‘rom boundsry-layer
removal that may be caused by jet action 1s not considered.
The computstions cover a range of 1lift coefficlents and
both cold and hot jets. Ths mare lmportent factors cal-
culated are the mean Jet-induced downwash angle over the
horizontal tall; the changes 1n. the pltching moment with
the stick fixed and with the stick free due to this down~
wash, to the dlrect thrust moment, and to the nacelle
norm&al force; and the correspondlng shifts in the stick-
fixed and stlck-free neutrsl points.

Table II is a sugzested short method of computation.
The method is approximate in that the sffeet of jet
deflection due to angle of.attack 1s neglected, the
variable distance xj 1s taken as h.GRJ, and the effect
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of temperature 1ls neglected except in specifying the
mass flow per second through the nacelle. Teable III-:
gives the detalled computsatlon.without these approxi-
mations. The maximum influence of the variation "in Xj

on the jet-induced flow inclination is found to 'be
1 percent.  The maximum influence of both x4 and lneli-

nation of the Jet axis on the mean Jet-induced downwash
1s found to be 7 percent. The Jet deflectlon does not
exceed 1Y percent of the distance from the Jet axis to
the horilzontal tell. The close agreement between

tables IJ and III suggests that the detailed computation
of' table III may be dispensed with in many cases.

Compéerison with Experiment

. The present method has been used to estimate the
stick-flxed pitchlng-moment 1increments due to jet opera-
tion for a twin-jet fighter-type airplane that has been
tested 1n the Langley full-scale tunnel. The unpublished
experimental values are compared witi. the estimated values
In figure 9. The flaps-neutral curves (fig. 9(&)) show
a discrepancy in trim, but good agreement 1ln slope. The
flaps-deflected curves (fig. 9(b)) show gcod agreement in
both slope and trim up to a 1lift coefficlent of 0.6, but
above Crp = O. £ the experimental curve diverges markedly
from the rather stralight estimated curve. This diver-
gence 1is probably assoclated with some suppression by
Jet ection of separation at ths nacelle inlets that was
Indicated by tuft studies carried out during the tests.
On the whole, the agreement between the estlmated
pitching-moment increments dus to jet operatlon and the
experimental increments appears to be suffilclent for
deslign purposes. A number of further comparisons with
experiment will have to be made before the accuracy of
the msthod of estimatlon can be established.

CONCLUSIONS

An analysls has been made of the field of flow
about a jet and the effect of jJeta on the stability and
trim of Jet-propelled airplanas. The following conclu-
sions include an allowance for the limitatisns of the
simplifylng assumptions employed:
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l. The Jet-induced flow inclinstlon warles very .
nearly inverse]y as the radlal dlstance from the jet axis
within the reglon between the Jet boundary and twice the
radius of the jet boundary at distunces greater than
8 orifice dlametsrs downstream of the orifice. .

2. The effect of Jet temperature on the jet-induced
flow incllnaticn ls small. when the thrust cosfflclent 1s
used as the czrlterlon for similitude,

3¢ The deflection ot the Jet dre to arnzle of attaclk
13 smsll for straight flight and {light with small normal.
acceleratlion, The anguler doviation of the Jet, howevsr,
1s an appreclable fraction of thoe angle of attack.

i, The downwash induced at the horizcntal tall by
wing Jats at a glvon thrust is almost indepsndent of the
slze of the jet orifice up to & diauster about one-elghth
the dlstance to the horizontal tail,

5. The radius of a jet varlss almost llnearly with
exial dlstance near the orifice and varies approximutely
as the one-third vower ol ths exial distance very far
fron: the orifice.

6. The equations for jJet-induced flow lncllnation
may be applisd approximstely to rocxet jeta 1f the
thamst cosefficient is multlplled by cone minus the ratlo
of stroan veloclty to jet-nozzls veloclity,

Te The influence of wing jcts on lonuglbtudinal sta-
bility and trim may be cstimated with suifliclent accuracy
for daslign purposcs by an gprniroxingte mothod that nsglects
the effects of Jet deflectlon, slze of the jet orifice,
Jet~induced boundary-layer removal, and most of the
effects cf Jjet temperature,

Langley Memorial Aeronautlcal Laboratory
Nstlonal Advisory Commliiee for Aeronsutlcs
Langley Fleld, Va,.
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| 4PPENDIX A

COMPARISON WITH THE ANALYSIS OF SQJIKE AND TROUNCER

The flow~inclination charts of Squire and Trouncer
(reference 1) differ from figure 5 of the present paper
by amounts from O to 11 percent when the flow 13 meas-
ured at the jet boundary € or more orifice dlameters
from the orifice. Figure 5 1s believed to be more nearly
correct within its region of application because of the
use of an experimental rather than an idealized veloclty
distribution in the jet, although the treatmsnt 1s less
rigorous otherwise. °"A detalled comparison of the
analyses follows.

Squire and Trouncer present a relatively rlgorous
treatmert Ly the momentum-transifer theory of the develop-
.ment of a round jet in a general stream moving ‘parallel
to the jet axis. Full conslderation is given to the
region, approximately 8 orifice diesmeters in length, in
which transition occurs from the uniform veloclty at the
Jet orlfice to the characteristic velocity distribution
ol' the fully developed turbulent jet. The presant
analysis ignores the transitlon region entirely. Use ls
made of Squire and Trouncer's analysis to corrsct the
value of a constant in an approximate equatlon for the
spreading of the jet. (See appendix B.) The equation is
derived from the qualltative considerations of reference 2

In the analysls of reference 1 the values of axial
velocity 1nduced by the jot in the externual flow are
first neglected in determining the streem functlon, as
has been done in the present analysls. 8quire and
Trouncer, however, use the result to determine a system
of slnks along the Jet &xis from which the stream func-
tion (or, more accurately, its x-derivative) 1s reevalu-
ated. Thls procedure effectlvely restores the missing
exigl-velocity increments. Examination of the computed
flow-inclination charts of 'reference 1 in conjunction

with the values of Q¥ . 4n tables II to IV therein
: caaUl
shows that thils refinement is unnecessary within twlice

the jet radius at points 8 or more orifice diameters
downstream of the orifice. This range should cover the
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usual relatilve positidns of the Jet and the horizontal
tall for wing-mounted Jet motors.

Determinatlion of Jet-Spreading Parameter k

The only questlonable polint in the analysls of
Squire and Trouncer 1s the use of & cosine-veloclty dis-
tributlion for reasons of mathemsticel simpllcity, rather
than the experimental velocity distributlion that was
used in the present analysis. The general development
of the Jjet (from considerations of mass fleow) ls affected
only slightly by & modereate change in the veloclty pro-
file. (See reference 1.) The determinstion of the
angular spreading of the boundary of the Jet by means of
the ex;erimental datae of reference 1, however, 1s qgulte
sensitive to the shape of the profile.: The determination
may be made as follows. A jet issuing from a small ori-’
fice in still alr 1s known to spreed conlcally. According
to reference 1 the cone on which the velocity is equal
to one-half the velocity on the jet axis &t the same
section has a semlangle of 5°. With Squire and Trouncer's
coslne~velocity profile therefore

G.5R = x tan 5°
R = 0.175%
or
kK = 0,175 (A1)

With the experimental velocity profile of reference 3
used herein (fig. 2),

0.365R = x tan 5°
R = 0.240x
k = 0.240 (A2)

This value is 37 percent more than the value for the
cosine profile.
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Effect of Veloclty Profile on Flow Inclinatlen

The flow inclination about’ the Jet Is 'in turn--- :
dependent on the spreading of the Jet. If nn 1is expressed

in_ terms of 5'2, ‘equation (7) is of the form

k21,2
€ = —k_ x Function of . H

I .
2 x2 :)

where k and f are paramesters for the spreading of
the jet, and I; and I, are integrals involving the

veloclty profile. Vilth Squife and Trouncert's cosine
proflle

f12

i

(43)

¥n® _ (0.175)2(0.1456)
Is 0.0861

0.00785

1, _ (2.6) (0.0861)
I 0.1),36

1.506

With the experimental velocity »rofile (fig. 2)

21,2 (0.240)2(0,0991)2
I 0.0L4855

0.01156 -
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£I,  (3.3)(0.04895)

I 0.0991

1.632

The difference in klea/I2 is 32 percent of the value

for the experimental profile. This difference 1s large
enough to reduce the ordinates of figure 5 by from O t02
11 percent; the reduction 1s almost linear with STcy/x

Tt
up to a value of 7 percent at §£§_.= 0.8. With this

b
reduction, figure 5 18 in substantial egreement, within
its range of applicability, with the charts of reference L
The use of a coslne-veloclty distribution instead of the
more sharply peaked experimental distriltution thus appears
to introduce errors up to 1l percent in the charts of
reference 1. '

It is rather striking that the pronounced difference
between the cozsine proflle and the experimental velocity
profile results In very llittle difference in the
parameter fI5/Iy. Thus the only importent uncertainty

in the csalculatlons for the cold jet is the evaluatlon
of ths spreading-profile parsmeter kleg/iz. This
uncerteinty 1s not great, since 32 percent error in
kZIlz/ﬁz leads to errors of from O tc 1l percent 1ln the
flow inclination.

These results imply that the calculated rate of
change of mass flow in the jet with axiel distance 1s
not critically dependent on the velocity profile chosen.
Presumably Sculre and Trouncer :ad this lnterpretation
in mind whsn they stated (reference 1) that the general
development of the Jet is little affected by a moderate
change in velocity profile.
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APPENDIX B

APPROXIMATE DIFFERENTIAL RELATION FOR SPREADING OF
ROUND JET CR WAKE IN MOVIKG FLUID AND ESTABLISHMENT
OF THE CONSTANT f FROM EQUATIONS (1l)

AND (15) OF SQUIRE AND TROUNCER
Basic Analysis

Consider &a cross sectien of a round jet or wake for
which the veloclty &t the center is 0. The particles

ef fluid in the section move downstream wlth an average
velocity g + V. According to Prandtlt's spproximate
treatment of the spread of turbulence (reference 2,

pp. 163 to 165) the time rate of increase of the Jet
radius is proportional to the velocity difference Ut
between the center of the jet and ths edge. 'The sectlon
may thus be visuslized as expsnding radlally with a

veloclty proportionsl to Ul and moving downstream
with a velocity g + Y. The slope of the boundary of

this round jet or weke is therefore

dr J

5 L P (B1)
ax U,y U+ 2V
2

whers k 1s a constant that is determined 1n appendix A
from experimental data. Equation (Bl) is alse appli-
cable to a two-dimenslonal Jet or wake 1f R 1s inter-
preted as the semiwidth.

Equation (Bl) leeds to the known linear expansion
of the Jet radius with axial distance for a round Jet in
8till air and to the known one-third power law for.the
wake of a body ef revolution, The proofs, which are
simple, are omitted. It 1s of interest to note that a
high-speed jet in moving alr should show an approxi-
mately linear spreading near tha orlfice, where the stream
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velocity V 1is small in comparison with the jet addi-
tional velocity U, and far b&ck where U is small 1n
comparison with V the expansion should foilow the one- °
third power law for the spreading of the wake of a body
of revolution.

The foregolng enalysis ccntains an arbitrary element
In the specificatlon of g + V¥ as the effective average
velocity 1n the jet, A more generealized average veloclty
would be % + V where f 1s & constant that depends

on the shape of the veloclty profile. Thus equation (Bl)
can be generalized %o

dR U
=k 1 (B2)
dx U + fv

It will be shown that the equations of refererce 1,
derived on a mors rigorous besis, provrde sn expression
for dR/dx that approximates equation (B2) very closely
for a suitable value of f, and thus establish the cor-
rect value for f.

Determination of Jet-Spreading Fsramster

mquations (1) and (15) of refsrsnce 1 msey be written,
in the notation of the rresent paper, as

UR2(I1V + I_ZU) - Dy =0 (B3)
dr/ an/, . _
Ua-(blv + b2U> + R a\b5v + th> + b502 =0 (BL)

respectively, where
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S mmar et e = 2yt A)= o
1:_1- jc; SR 0.1486 . by 2(.11 Ig) 0.0578
1 _
I = (11.2395':00861 By = 2(3, - 33) = 0.0476
2 o ‘U R R Lo T m\Te 2ty e
1
- z . _'_
I, = ur dr - 5,001k bx = J, = 0.091}
1" J, TETR 5701
1
2
=] @) Z&E-ookys b =23 - 3, = 0.0933
27 J, W RTR® t 2™
2
_ e
5= g

The numerical values apply to the cosine-veloclty dis-
tribution adopted by Squire and Trouncer. (The symbol ¢
in the egquation for b5 is used by Squlre and Trouncer

and is distinct from the wing chord c¢ of the present
report.) Eliminstion of dU/dx between equations (B3)
and (BlL) zlves

R -b5T(1;V + 2I,0)

ax -(211v + 212U) (b5V+ th) + (Ilv * ZIZU) (blv * béu)

If this equation 1s put into the form of equation (B2),
the constants therein are

(B5)

me
k= D
bh_-bz
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—eY) =3 "M I;("s*”h%) %)
r =) by - P2 ’ (b, - v2)(7 + 21, ) (

For the values of the constants that apply to the cosine-
velocity profile of Sqrire and Trouncer (given under
equation (Bli)), an avewege value for f 1s 2.6. With
this value the aepproximete squation (B2) agrees with the
more exact equation (35) within 1 percent over the range

from U= 1l ¢to E—: ®,.

v v

For the experimentel veloclty profile that was used
herein (fig. 2) the constants are

I, = 0.6991 b; = 0.0151l
I, = 0.04895 by = 0.0176l
Jp = 6.0761 bz = 0.0701
J> = 0,0439 b}, = 0.0527

Insertion of these .values in equation (B6) gives an
average value of 3.3 for f. With this value the approxi-
mate equation (B2) agrees with the more exact equa-

tion (BS) within 2 percent over the range from %= 1
to %= o, The value f = 3.3 has bzen used In the
computations of the present paper.
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APPENPIX C
DEFLECTION OF IDSAL J=T INCLINED TO STREAM

Ist ay be the inclination of the thrust axis to
the general flow, and let 06 ©be the inclination of the
Jet center line at a distance x from the fictitious
point origin of the jet. It is rsquired to determine

l ~ i}, the fractional change in the directlion of the
Jet.
The momentum relatlons For the components of the

thrust parallel to and perpendicular to the stream are,
for small values of ag,

. ~R
T = pf c(v +“u)u. 2nr dr
o .

. 2
2mr%pv2 [% ' + (9 12'] (c1)
R . PR
ae'r:pf O(V+u)292n'rdr+pf V% 2mr dr
0 o .

The first integral of a,T is the cross-wind momentum

of the mass flow in the Jet, the second integral 1a the
cross-wind momentum of the disturbed outside air com-
puted from the additional apparent mass of the jJet. The
expression reduces to

: 2
ol = 8 2me2 pv?|2 - ;0 + 2L e + (D) 12'] (c2)

Solving equations (Cl& and_(qg):q;multaneously glves
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(Strictly speaking, the values of K should be different
in each expression.) Then
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2 +(11 + 6n-r-I—z- g
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TABLE I

SPECIFICATIONS FOR

Twin wing jets

S, square feet . « .« « ¢ o o

RJ, OOt o o ¢ ¢ ¢ ¢« o o o« &
r, feet + « « . « &

X - Xy (to hinge line
d, feet e o v s o = R e e
bt, feet o« ¢ ¢ o o ¢ o o o «

1/C ¢ o ¢ o o o o s s 6 o s
Z/C o e e 6 e o0 4 o o o u

dCp/di .
dcm/dbe s 6 o o s o e o o o
Cha/Uha .
T,' per Jet « « ¢« . & & . &

Jet temperature minus stream
Streem temperature T, °F ab

NUMERICAL EXAMPLE

c s -e-e 8 s s s s s o o 3

]
‘ L] [ ] L] e e [ ] L] ] [} [ ] [ 12

.
.
.
.
.
.
.
(@]
o

....."".O.IGCLO

temperature tj, °r . 1430
s o L ] L} L] [ ] [ . [ ] [ ) L] [ ] 550

NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS



NACA ACR No. L6C1l3

- TABLE II

SHORT APPROXIMATE COMPUTATIONS FOR NUMERICAL EXAMPLE

[Jet deflection neglected and x, taken as L.6R,;
“Jet temperature neglected except in step 15]

(..':;:md) Cold Cold Cold Cold Remarks
lap deflec~ . )
Step tion, deg 0 o s Co45 Given
Parameter
*
1| e, 0.5 1.0 1.0 2.0 Given
2 Tt .08 .16 .16 .32 Given
3 | st 1/x? .227 455 | W55 .909 32- x step 2
x
L %E, 222 420 420 <750 From fig. 5, by use of step 3 (curve
for T = Q)
5 ¢, deg .73 1.38 1.38 2.46 Jet-induced downwash angle at section
of horizontal tail vertically above
x
Jet (step L x ;)
6 r/by .25 25 .25 .25 r and by glven in table I
7 2d/b¢ .5 5 5 5 d given in table I
8 /e .526 526 526 526 From fig. B by use of steps 6 and 7
9 ?2, deg .77 1.45 1.45 2.59 Mean jet-induced downwash angle over
horizontal tail for two jets
(2 x step 5 x step
10 ACpy .0231 .0L35 0435 .0777 | Pitching-moment increment due to jet-
ér1xed, induced downwash; stick fixed
acy
-—— x step 9>
< a1,
11 ACp L0173 0326 | 0326 .0583 | Pitching-moment increment due to jet-
‘rreoa induced downwash; stick free
dC,  dCy Ch,
-l T . T— — x step 9
[ <d1t a8, Cn,
12 AC .0160 0320 .0320 .0640 | Pitching-moment increment due to
m’l‘a thrust-axls offset
(2 x Ex step 2; :—I‘rom table I)
13 Mas3/sec 00470 006541 006541 .0091l] Mess flow through nacelle at sea level;
pVs hot jet; in coefficlent form (given)
N a, deg 3.7 10,3 =3 13.0 Given
15 ac, .0006 2002} |=.0001 .0042 | Pitching-moment increment due to
"n"‘z nacells normal force, with wing
upwash neglected
(h% x step 13 x sin step 11+>
16 Ang .078 «073 +073 .068 Stick-fixed neutral-point shift due to
Iixed i power |slope of curve of
(step 10 + step 12 + step 15)
al
agalnst CLO]
17 ang .068 .06l .06) .061 Stick-free neutral-point shift due to
v £ree
power |slope of curve of
(atep 11 + step 12 + step 15)
against C
e Lo]

NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS
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. TABLE III
DETAILED COMPUTATIONS FOR WNUMERRICAL EXAMPLE
Jot cold| cord | cold | cola t
(given) 0. Ho Remarks
Step 1",_:::1;:; o 0 b5 k5" 45 Given
Parameter
1 (:Lo 0.5 1.0 1.0 2.0 2.0 Given
2 T, .08 .16 .16 .32 .32 | Given
3 tj/'r 0 . o] 0 0 2.70 Given
L Ty /v L.15 | 6.13 6.13 | 8.87 |17.5 Ratlo of outlet velocity minus stream velocity to
stresmm velocity (from equation (12))
5 T 0 0 0 [ .159 | Ratio of absolute temperature to veloscity
Step 2
. step U
[ RJ/‘;S'r,' .085 | .060 +060] .043| .0L43 Ry and 8 given in table I; T, glven In
step 2
hj/\ﬁ'rc' .096 | .066 066 .OL7[ .OL3 | Prom f£1g. 3 with step 6 used as sbsoissa
x4, It 1.88 {1.8% 1.83% | 1.84 | 1.68 | Distance upstresm from orifice of point origin of
equivalent ideal jet
9 x, I't 9.88 | 9.83 9.83 | 9.8l | 9.68 | Ax1al distance from origin of equivalent ideal
Jet to point under consideration; 1n this case,
the hinge line of horizontal tell
10 | st1/x2 225 ) W55 W455| .909] .939 ) ST, '/ (atep 9)2
11 ;: 220 420 4201 o750] .722 | From fig. 5, by use of asteps 5 and 10
12 | kx/AST, .506| .372)  .372{ .252] .2L8 (o.zuo/‘@.rc-) x step 9
13 (1 - ..9.. 3l .31 31 2l .24 | Average of curve of 1 - 8. petwsen values of
(]
i kx -‘ﬁ'l‘e' given by steps 7 and 12, respec-
tively, minus value of 1 - ae: for step 7
14 a, deg 3.7 [10.3 -3 (13,0 [13.0 Given
15 €gs dog 2.5 5.1 10,0 15.1 15.1 Wing downwash, estimated
16 Gyy deg 1.2 5.2 =-10.3 -2.1 «2.1 Average inclinatlion of flow relative to the
initial direction of the jet axis
{step 1L - atep 15)
17 Ar, £t ~.06 | -.23 45 .07 .07 | Jet deflection at horizontal tail due to inclina-
tion to the stream [-(l - xJ) x atep 13
N step 16]
57.3
18 r, I't P9k | 2.77 3,45 | 3.07 | 3.07 | Dimension r (fig. 7) corrected for Jet deflec-
tion (3.00 + step 17)
19 €y deg S 1.h9 1.20 { 2.40 [ 2.27 | Jet-induced flow inclination at point of hori-
sontal tall vertically above Jet
(lt.p 9 x M)
step 18
20 r/by 245 .231 288 .256| .256 | step 18/b¢
21 24/, 5 5 5 5 5 d and by glven in teble I
22 T/e .522| .502 570 ¢533| .533 | From rig. 8 with the use of ateps 20 and 21
23 €, deg <77 | 1.55 1.37 | 2.56 | 2.42 | Mean jet-1lnduced downwash over horlzontal tall,
2 for two jets (2 x step 19 x step 22)
17 1.45 1.45 | 2.99 |--==-=- Approximate value from table II for comparlson
Prom this point the procedure of table II is followed.

NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS




B

@ VelociTy profils. ' ) Temperalure profile;

. NATIONAL ADVISORY
' COMMITTEE FOR AERONAUTICS

Figure 1.- Notation for the velocity and temperature profiles in the jet. The base line for the
temperature profile is absolute zero. See also section entitled "Symbols."
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Fig. 2 NACA ‘ACR No. L6C13
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o 1 \ 4 &
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Figure 2.- Velocity and temperature profiles for a round jet

in still air.

(a) 'Experimental velocity profile adopted for the present
report. Replotted from reference 3 with r/R taken
as the value therein divided by 2.74.

{b) Experimental velocity profile of figure 20 of refer-
ence 4 fitted to curve (a) at {} = 0.5.

(c) Theoretical cosine velocity profile of reference 1.

(d) Experimental temperature profile of figure 20 of
reference 4 to same r/R scale as curve (b).
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Figure 5.- Flow inclination outside a jet: variation of —e with STc'/xz. € in degrees.
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Figure 6.- Representative streamline pattern outside a Jet of a jet-propelled airplane in flight.
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Figure 8.- Ratio of the effective mean”downwaéh € induced-by the jet

over the tail plane to the flow inclination € induced at a radius r.
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Figure 9.- Experimental and estimated increments, of pitching-moment coefficient due
to jet operation. Twin-jet fighter-type alrplane, rated power at sea level.
Experimental data from unpublished full-scale wind- tunnel tests.
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(c) Pusher propeller; Bp = 40°%; rear propeller locked,

Figure 5,- Continued,

"ON d¥vV VIOVN

‘814 B2IVS ]

°g



sEIRAN
ZIN\
6 N,
= \
§§\ M \\\\ ‘
. \\\\\\ . \ \

\\:\ _ \ \E
2 | '

=
A\ 1

\\ \
NN

l2 X 2.0 2.4 .8 12 .6 2.0 2.4
%ﬂﬁo | ”AWD
(a) Pusher propeller; pg = 40°; front propeller locked,

NATIONAL ADVISORY
Figure 5.- Concluded. COMMITTEE FOR AERONAUTICS

‘ON YUV VOVN

314 egTIVGT

PG

G



Baydeg (Whb)y

35 193

< 40 230
~d L T —— 45 280

NATIONAL ADVISORY
N COMMITTEE FOR AERONAUTICS
8 il
PN
A\ ZEE RN

\
\
6

»
N
==~

e
—

N

L

/6 20 24 .8 /2 6 2.0
\Wno V/nD

(a) Tractor propeller; pp = 409; rear propeller windmilling,

Le

Figure 6,- Aerodynamic charsoteristics of the three-blade propeller
operating in conjunction with the windmilling propeller,
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(b) Tractor propeller; Bg = 40°; front propeller windmilling,

Figure 6.- Continued,
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(o) Pusher propeller; pp = 40°%; rear propeller windmilling.

Figure 6.- Contlnued,
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(d) Pusher propeller; Bp = 40% front propeller windmilling,.

Figure §,~ Concluded,
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Figure 7.~ Comparison of the aerodynamic characteristics of the three-blade propeller
operating alone and in optimum combination with the locked or windmilling propeller,
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(b) Tractor propeller; Bp = 40°; rear propeller driven. COMMITIEE FOR AERONAUTICS
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(o) Pusher propeller; B = 40°; front propeller driven, COMMITTEE FOR AERONAUTICS
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